aBstract
Th e ability of process-based soil-crop models to simulate potato (Solanum tuberosum L.) yield and N uptake for a range of N fertilization under the conditions of eastern Canada has never been tested. Our objectives were (i) to calibrate and evaluate the performance of the STICS model for the Shepody and Russet Burbank cultivars with cultivar-specifi c critical N concentration dilution curves, and (ii) to quantify the gain in model performance with cultivar-specifi c N concentration curves rather than a generic curve. Data sets including measurements of leaf area index (LAI), total and tuber biomass, and total and tuber N uptake for several N rates (0-280 kg N ha -1 ) collected at Charlottetown, PE; Fredericton, NB; and Québec, QC, Canada were used. Calibration was done with one data set from Charlottetown for Shepody and one data set from Québec for Russet Burbank, while all the other data sets were used to evaluate model performance. Following calibration, the STICS model generally performed well, with a normalized root mean square error (NRMSE) < 30% and a normalized mean error (NME) ranging from -8% to 23%, for LAI and biomass. Model performance was slightly worse for total and tuber N uptake, although cultivar-specifi c N concentration curves for Shepody and Russet Burbank improved model performance compared with a generic curve with a lower NRMSE (18-50% vs. 21-63%) and NME (-9 to 23% vs. -14 to 23%). Cultivar-specifi c critical N concentration curves should therefore be used for assessing the N budget of potato cropping systems. low clay content. Jiang et al. (2011) simulated NO 3 leaching under a potato crop with the LEACHN model (Hutson, 2003) and they concluded that future studies should investigate opportunities to minimize NO 3 accumulation in the soil both during and outside the growing season along with other crops in the rotation. Simulating complete rotations requires the use of generic soil-crop models such as DSSAT (Jones et al., 2003) , EPIC (Williams et al., 1989) , APSIM (Keating et al., 2003) , CropSyst (Peralta and Stockle, 2002) , or STICS (Brisson et al., 2003; . None of those generic soil-crop models, however, have been calibrated and validated for simulating potato growth in eastern Canada. Furthermore, simulating environmental losses during the non-growing season in eastern Canada requires accounting for the impact of snow cover on water and soil N processes. Indeed, leaching and gaseous emissions may account for >50% of total nutrient losses during winter (Wagner-Riddle et al., 2008; Virkajärvi et al., 2010) .
STICS (Simulateur mulTIdisciplinaire pour les Cultures Standard), a generic soil-crop model developed at INRA (French National Institute for Agronomic Research), simulates C, water (e.g., drainage), and N dynamics (e.g., NO 3 leaching and N uptake) in a soil-crop system for multiple crops and multiple cropping systems (Brisson et al., 2008) . In STICS, each crop is defined within a particular plant file that includes both generic and specific cultivar parameters. The STICS model is supplied with a number of crops and cultivars ready to be used. For potato, generic parameters and a specific subset of parameters for the determinate Bintje cultivar are already available in Version 8.41 of the STICS model, but no detailed study has been published on the STICS model calibration and performance evaluation for potato. Russet Burbank and Shepody cultivars, two important cultivars grown in Canada, are not calibrated in STICS. However, previous studies showed that the STICS model can be successfully calibrated for simulating growth and N uptake in annual crops in Canada (Jégo et al., 2010 (Jégo et al., , 2011 Sansoulet et al., 2014) . In addition, snow-cover equations have been successfully tested in STICS to accurately simulate soil temperature and moisture for climates that have long periods of snow cover , so that STICS can be run continuously for several years in cold and humid climates.
Nitrogen application rates in excess of crop requirements can result in high residual soil NO 3 after harvest (Bélanger et al., 2003) and associated NO 3 leaching (Errebhi et al., 1998; Cambouris et al., 2008) . Thus, it is important to understand N uptake and leaching and to identify suitable fertilization practices. In the STICS model, the optimal crop N uptake is described using the relationship between the critical N concentration and total biomass. The critical N concentration (N c, , % N per unit dry matter [DM] ) is defined as the lowest plant N concentration required for maximum growth and can be predicted by an allometric function (Lemaire and Salette, 1984) :
where a is the N concentration up to 1 t DM ha -1 , b is the coefficient of dilution that describes the decrease in N concentration as the total biomass increases, and W is the total biomass including both shoot and tuber biomass in the case of potato (t DM ha -1 ). General values of a = 5.36 and b = 0.46 were reported by Greenwood et al. (1990) for C 3 crops, including the potato cultivar Maris Piper and others. Duchenne et al. (1997) reported no significant differences between the Bintje and Kaptah Vandel cultivars for the N c curve parameters with values of a = 5.21 and b = 0.56. Those values are currently used in the STICS model. However, Bélanger et al. (2001) demonstrated that the N c curve was different for the potato cultivars Shepody (a = 5.04, b = 0.42) and Russet Burbank (a = 4.57, b = 0.42). The N c curves of Bélanger et al. (2001) were calibrated on total biomass data up to 6 t DM ha -1 , while that of Duchenne et al. (1997) was calibrated for a total biomass up to 18 t DM ha -1 . Giletto and Echeverría (2015) determined critical N curve parameters for five cultivars grown in Argentina (Innovator, Gem Russet, Umatilla Russet, Bannock Russet, and Markies Russet). They concluded that each cultivar had different critical N curves with different b values, ranging between 0.25 and 0.42, but not significantly different a values. Because most crops can take up more N than what is needed for optimum growth, a maximum N concentration curve is also required in STICS, but no additional biomass growth occurs for N uptake between the critical and maximum N concentrations. Justes et al. (1994) demonstrated for winter wheat (Triticum aestivum L.) that the plant N concentration could be as much as 60% greater than the critical N concentration. Giletto and Echeverría (2012) reported a maximum plant N concentration of about 50% greater than N c (a = 7.82, b = 0.42), whereas Duchenne et al. (1997) reported values up to 40%. Estimation of a and b parameters requires a large amount of experimental data including several N fertilization rates at various sites and for many years. Consequently, defining cultivar-specific curves may not be always achievable. It is then worth evaluating the impact of critical N concentration curves proposed in the literature on model performance. Our hypothesis was that the use of N dilution curves specific to the cultivars Shepody and Russet Burbank would improve model performance, particularly for variable outputs related to the N cycle.
The STICS soil-crop model was selected because it uses an N c curve approach and allows simulation of annual crop rotations in the pedoclimatic context of eastern Canada. This study was part of a project aimed at simulating potato growth and N uptake as well as the environmental impact of potato cropping systems in cold and humid climates with long periods of snow cover. The use of a generic soil-crop model, such as STICS, can be useful to refine management practices, such as N fertilization, or assess the impact of climate variation on yield and N losses to the environment. However, those soil-crop models need to be calibrated and validated for cultivars representative of a given region. This critical step of model calibration and validation contributes to the continuous process of model improvement and assessment (Boote et al., 1996; Coucheney et al., 2015) . The specific objectives of this study were (i) to calibrate and validate the STICS soil-crop model for the Shepody (determinate, mid-season maturity) and Russet Burbank (indeterminate, late maturity) cultivars under the growing conditions of eastern Canada, and (ii) to evaluate whether or not the use of cultivar-specific critical N concentration curves, as defined by Bélanger et al. (2001) , instead of a single generic critical N concentration curve, as defined by Duchenne et al. (1997) , improves the model performance in simulating the growth and N uptake of the Shepody and Russet Burbank cultivars along with other output variables of the N budget.
material and methods
Data Sets for Calibration and performance evaluation For the Shepody cultivar, the STICS model was calibrated on a data set from experimental plots located at the Harrington Research Farm near Charlottetown, PE, Canada (46°20¢ N, 63°10¢ W). The model performance was evaluated with other data from the same site and data from experimental plots located in Fredericton, NB, Canada (45°57¢ N, 66°38¢ W). For the Russet Burbank cultivar, the calibration was performed with data from a site near Québec, QC, Canada (46°51¢ N, 71°37¢ W) and the model performance was evaluated with other data from the same site and from the Fredericton site. Crop management information and the number of measurements for each site are presented in Table 1 . All data sets include measurements of LAI (except for the Fredericton site), total and tuber biomass, and total and tuber N uptake, where total biomass and total N uptake are defined as the sum of tuber and shoot biomass on a DM basis. Soil texture was measured for the soil profile up to at least 0.60 m, while other soil properties (organic matter, pH, and organic N content) were measured only in the surface soil layer (0-0.20 m). All sites were fertilized with P, K, and Mg at rates recommended in each region from the soil analysis. Information on the soil available P and K contents along with the rates of P, K, and Mg fertilizers can be found in Cambouris et al. (2016) for the Québec site and Nyiraneza et al. (2015) for the Charlottetown site. We assumed that P, K, and Mg were not limiting potato growth and yield at any of the sites.
charlottetown site
Two N sources (NH 4 NO 3 and liquid hog manure) were applied to provide 150 kg total N ha -1 on each plot in 2012 with the Shepody cultivar in a randomized complete block design with four replicates. Depending on replicates, preceding crops were potato, barley (Hordeum vulgare L.) or winter rapeseed (Brassica napus L.). Nyiraneza et al. (2015) showed that there was no effect of the preceding crop on potato yield. The NH 4 NO 3 fertilizer was banded, and the liquid hog manure was broadcasted. Planting and N application were done on the same day. Plant spacing within a row was 0.305 m and row spacing was 0.915 m, resulting in 3.6 plants m -2 . The topsoil layer (0.20 m) was a sandy loam classified as a Humic Crythod/ Humic Haplorthod, and its characteristics are described in Table 2 . Air temperature, precipitation, solar radiation, wind speed, and air moisture were collected onsite from the Harrington CDA weather station (Environment Canada, 2013) (Table 3) . Total precipitation during the growing season (May-October) was 552 mm, which is close to the 30-yr average of 560 mm. However, according to Nyiraneza et al. (2015) , June and July were warmer and drier than normal, which may have led to a lower marketable yield than the long-term average in this region. The LAI was measured with a hemispherical sensor (LAI-2000, LI-COR) from emergence until vine desiccation according to manufacturer recommendations. A random group of four adjacent potato plants from a single row in each plot were manually sampled on each date except for yield determination, for which one internal row (30.5 m) was mechanically harvested. The plant N concentration was determined using the dry combustion method on an Elementar analyzer (Vario Max, Elementar Analyzer). More details about site description and sampling protocol are available in Nyiraneza et al. (2015) . The STICS calibration was performed with data from the NH 4 NO 3 N fertilization treatment, while data from the liquid hog manure fertilization treatment were used for evaluating the model performance.
Québec Site
Only data from the Russet Burbank cultivar were collected at the Québec site from 2010 to 2012 (Table 1) (Table 2 ). Precipitation (Environment Canada, 2013) during the growing season (May-October) was greater in 2011 than in 2010 and 2012 (Table 3) . Growing degree days were especially low in 2011, which is consistent with the monitored high precipitation. Four adjacent potato plants from a single row in each plot were manually sampled on each date except for yield determination, for which a 6-m length of Table 3 . Weather data during the growing season (May-October) at the sites used for model calibration and evaluation along with the 30-yr average row was mechanically harvested. The LAI was measured with a hemispherical sensor (LAI-2000, LI-COR) on each sampling date except at harvest. The plant N concentration was determined using the dry combustion method on an Elementar analyzer (Vario Max, Elementar Analyzer). More details about site description and sampling protocol are available in Morier et al. (2015) and Cambouris et al. (2016) . All data from 2012 were used for model calibration, while data from 2010 and 2011 were used for model performance evaluation.
Fredericton site
Experimental data were collected from 2010 to 2012 for the Russet Burbank cultivar and in 2011 and 2012 for the Shepody cultivar (Table 1) using the same sampling protocol as in Quebec, except that LAI was not measured in Fredericton. The preceding crop was spring wheat. Different rates of mineral N fertilization (0, 120, and 240 kg N ha -1 ) were applied in a randomized block design with four replicates. The N source was NH 4 NO 3 , incorporated in the soil the same day as planting (Table 1) . Plant density was the same as at the Charlottetown site for Shepody (3.6 plants m -2 ) but was slightly less for Russet Burbank (2.88 plants m -2 ). The topsoil layer was a loam classified as a Cryorthod/Haplorthod (Table 2) , and the soil was sampled at 0 to 15, 15 to 30, and 30 to 45 cm for the determination of the preplant mineral N content. Weather data were retrieved from the Fredericton CDA weather station (Environment Canada, 2013) . Precipitation and growing degree days (GDD) during the growing season (May-October) were considerably higher than the 30-yr average (Table 3) . Solar radiation was estimated from air temperature with the Donatelli formula (Donatelli et al., 2003) . Shoot and tuber biomass were collected each year, but tuber and shoot N concentrations were measured only on Russet Burbank in 2010 and 2011 and on Shepody in 2011. The methodology for biomass partitioning and sampling, yield determination, and plant N concentration determination was the same as for the Quebec site. All data from the Fredericton site were used for model performance evaluation.
stics crop model
STICS is a dynamic soil-crop simulation model that runs on a daily basis (Brisson et al., 2003 (Brisson et al., , 2008 . The upper limit of the system is the atmosphere, characterized by standard climatic variables (solar radiation, temperature, and precipitation), and the lower limit corresponds to the end of the root zone (usually close to 1 m). The crop is described by its aboveground dry biomass (C and N), LAI, and the number and mass (C and N) of harvested crop organs. The water budget calculates the soil and crop water status, as well as water stress indices that reduce leaf growth and net crop photosynthesis. The water budget estimates the water requirements of the soil-leaf system and the water supply to the soil-root system. The N budget accounts for mineralization from humus, crop residues, organic fertilizer, denitrification, and total crop N uptake. The effective total N uptake rate for each iteration step (day) is limited by either the crop N demand or the soil N availability. Plant metabolism is affected when the total N concentration is below the critical concentration for a given biomass defined by the critical N concentration curve. This critical value decreases as the biomass increases but also depends on the N metabolism requirements, the ability to store N in the form of reserves, and the interplant competition. The daily N demand is regulated by the maximum N concentration curve that determines the potential total N uptake (Brisson et al., 2008) . Interactions with other nutrients (e.g., P or K) are not considered, and these nutrients are assumed to be non-limiting for crop growth.
In STICS, each crop species has a set of common parameters along with a set of specific parameters for each cultivar. The critical N concentration curve parameters in STICS were defined as common parameters, and they were not specific to cultivars. The default critical N concentration curve used for potato within STICS was defined by Duchenne et al. (1997) , using the Bintje and Kaptah cultivars grown in France. However, Bélanger et al. (2001) concluded from a study conducted in eastern Canada that the parameters of the critical N concentration curve were different for the short growing season cultivar Shepody and the long growing season cultivar Russet Burbank (Fig. 1 ). In the model, a greater simulated N uptake was expected using the cultivar-specific curves of Bélanger et al. (2001) than that simulated with the Duchenne et al. (1997) curve defined by default in STICS (Fig. 1) . Unlike Duchenne et al. (1997) , Bélanger et al. (2001) did not estimate a maximum N concentration curve. Based on the literature, the maximum N concentration at 1 t ha -1 was set at 50% more than N c , resulting in the following parameters for Eq. [1] for Shepody (a = 7.56, b = 0.42) and Russet Burbank (a = 6.86, b = 0.42) to describe the maximum N concentration curves.
stics model parameterization and simulation methods
The calibration and performance evaluation of the STICS soil-crop model (Version 8.41) was performed in four steps. The first step was to configure each simulation unit (SU). Second, model calibration was performed with experimental data of LAI, total plant and tuber biomass, and total plant and tuber N uptake from eastern Canada. Cultivar-specific critical N concentration curves defined in a previous study (Bélanger et al., 2001 ) were used in this calibration step. Third, model performance was evaluated in simulating LAI, total plant and tuber biomass, and N uptake using an independent data set (Bélanger et al., 2001) compared with the default curve in STICS (Duchenne et al.,1997) . The N concentration is expressed on a total biomass basis (tuber and shoot). from eastern Canada. Finally, model performance was evaluated with a generic critical N concentration curve instead of cultivar-specific curves.
stics model parameterization and Simulation Unit Definition
In STICS, a simulation unit (SU) describes the cropping system behavior. Thus, each SU has beginning and ending dates, climate data and weather station information, and files for initialization, soil properties, crop management practices, and plant parameters. In this study, N and water stress functions were activated and other general parameters were set to default. Weather data included information on the weather station (location, elevation above sea level), as well as daily minimum and maximum temperatures, relative humidity, solar radiation, wind speed, and precipitation. Topsoil layer properties, including clay and organic N contents of the plow layer, pH, and C/N ratio, were obtained from soil analysis ( Table 2 ). The soil depth was set to 1 m and was divided into three to four layers depending on data availability for each site. For each layer, thickness, field capacity, permanent wilting point, and bulk density were defined from soil analysis. Only field capacity and permanent wilting point were estimated using pedotransfer functions (Saxton and Rawls, 2006) because no measurement was available. Tillage and planting dates, planting density and depth, dates of harvest, irrigation, and fertilization, and method of harvest were defined for each site, year, and cultivar in accordance with actual crop management. STICS was initialized on 15 April for the Charlottetown and Fredericton sites and on 1 May for the Québec site, with soil water content at field capacity and average soil mineral N measured in the experimental plots. Although crop rotations were not simulated, the effect of preceding crops on N mineralization was partly taken into account by initializing the model with the measured soil mineral N. Potential evapotranspiration was calculated with the Penman formula (Monteith, 1965) .
The plant file contains general plant characteristics of phasic development, leaf and root dynamics, biomass growth and partitioning, yield formation, frost tolerance, water balance, and N transformation along with specific cultivar parameters of duration of development stages from emergence to maturity, tuber maximum weight, leaf lifespan, and interplant competition. A complete overview of the STICS crop growth model, including equations to compute output variables, is available in Brisson et al. (2008) .
Calibration Procedure
The model performance was first assessed for each calibration SU with the default plant parameters for potato (Bintje). Simulation results were compared with measurements of LAI, total and tuber biomass, and total and tuber N uptake to identify which parameters needed to be calibrated. Plant parameters were then calibrated in two main steps. The first step consisted in simultaneously calibrating general plant parameters for the Shepody and Russet Burbank cultivars using measurements of LAI, total and tuber biomass, and total and tuber N uptake, while the second step consisted in adjusting a subset of parameters specific to each cultivar. The main purpose of this type of calibration was to respect the principle of genericity of the STICS soil-crop model by having common parameter values for both cultivars as much as possible. However, because the present study concerns Shepody and Russet Burbank grown in eastern Canada and both cultivars were shown to significantly differ in terms of critical N concentration, cultivar-specific critical N concentration curves (Bélanger et al., 2001) were selected. This implies that, for model calibration and evaluation, critical and maximum N concentration curve parameters were different for each cultivar.
The parameter values were defined using bibliographic references, calculated from literature data or estimated with the STICS built-in optimization tool based on the simplex method (Nelder and Mead, 1965) . The STICS optimization tool minimizes the difference between measured and simulated data of a particular group of variables by varying specified parameters. The calibration of the Shepody cultivar was performed with a data set of a mineral fertilization treatment with 150 kg N ha -1 (Charlottetown 2012), while the Russet Burbank calibration was done using data from the Québec experimental site (2012) with four N application rates: 60, 120, 200, and 280 kg N ha -1 (Table 1) . Dynamic observations of LAI, total and tuber biomass, and total and tuber N uptake were compared against simulated data using graphical representation and statistical criteria.
evaluation procedure
The model performance for both cultivars was evaluated with a different data set from that used for calibration (Table 1) 
Calibrated Model Evaluation with Generic critical nitrogen concentration curve
The model performance in simulating LAI, biomass, and N uptake was also evaluated with the STICS default parameters of the critical and maximum N concentration curves for potato (Duchenne et al., 1997) . Thus, critical N concentration parameters a = 5.21 and b = 0.56, and maximum N concentration parameters a = 7.21 and b = 0.56, were used for both Shepody and Russet Burbank, while other parameters listed in Table 4 remained unchanged. Thus, a single plant file was used for both cultivars, differing only by the subset of cultivar parameters and activation of the indeterminate growth option for simulation of the Russet Burbank cultivar. To evaluate the effect of critical N concentration curves on model simulations, the relative difference between using cultivar-specific and default critical N concentration dilution curves was calculated for selected simulated output variables: maximum LAI, total biomass, tuber yield, total N uptake, tuber N uptake, soil mineral N at harvest, NO 3 leaching, evapotranspiration, and drainage. statistical criteria Several statistical criteria were used to assess the calibration and to evaluate the model performance. The root mean square error (RMSE) represents the error of prediction of the model by giving more importance to high errors. A lower RMSE indicates better model simulations. The RMSE has the same unit as the variable of interest, while the NRMSE is the RMSE normalized by the average of measurements:
where O and S are the measured and simulated values, respectively, Ō is the mean of the measured values, and n is the number of measurements. According to Willmott (1981) , the RMSE can be broken down into two components to represent the systematic error (model bias, RMSEs) and the unsystematic error (data dispersion, RMSEu):
where i S is the linear regression between measured and simulated values. As reported by Coucheney et al. (2015) , these statistical criteria were represented graphically (Fig. 2) to express the geometrical relationship between them: RMSE 2 = RMSEs 2 + RMSEu 2 . The plot was also divided by a 1:1 diagonal that indicates the dominant type of error. The RMSEs (bias) is prevalent above the line and the RMSEu (data dispersion) is prevalent below the line. All values were divided by the standard deviation of the measurements to allow comparison between variables having different units. A model performance rating was proposed by Moriasi et al. (2007) based on the RMSE divided by the standard deviation of the measurements: below 0.5 (very good prediction), 0.5 to 0.6 (good), 0.6 to 0.7 (satisfactory), and above 0.7 (unsatisfactory). Coucheney et al. (2015) did a global evaluation of the STICS model using 15 different crops (excluding potato) across a wide range of conditions in France. During the growing season, the NRMSE values of total biomass and total N uptake were 38 and 35%, respectively, and the values of the RMSEs and RMSEu divided by the standard deviations fell between 0.18 and 0.52. For both variables, the error was mainly explained by data dispersion (RMSEu > RMSEs).
The mean error (ME) and the mean error normalized by the average of observations (NME) were reported to give an estimation of model bias, where a lower absolute value indicates less bias. A negative error indicates an overestimation, whereas a positive value indicates an underestimation of the model. The model efficiency was also calculated to estimate the agreement between simulated and measured values. The performance is considered perfect with a value of 1. A negative efficiency indicates that the mean of measurements is a better predictor than the model itself, while a value of zero indicates that the model performance is similar to the mean of measurements (Coucheney et al., 2015) . Statistical analysis was performed with R software Version 3.1.2 (R Core Team, 2014) using a program specifically coded for the STICS file format by Elsa Coucheney (Swedish University of Agricultural Sciences).
results and discussion

Model Calibration
Initial default parameters for the reference cultivar (Bintje) defined in STICS and values of the calibrated parameters for Shepody and Russet Burbank are reported in Table 4 . With the initial default parameters, the LAI was generally overestimated for Shepody (NME = -7%) and underestimated for Russet Burbank (NME = 20%) ( Table 5 ). This result is consistent with Fig. 2 . Graphical representation of the model (a) calibration and (b) evaluation performance based on Coucheney et al. (2015) for the variables leaf area index (LAI), tuber biomass (TuB), total biomass (TB), tuber N uptake (TuN), and total N uptake (TN) for Shepody (Sh) and Russet Burbank (Ru) potato. The coordinates represent the specific RMSE (RMSEs) and the unspecific RMSE (RMSEu) normalized by the standard deviation of measurements (std-meas).
the fact that Russet Burbank is a late-maturity cultivar producing more leaves than Shepody, a mid-season maturity cultivar. Before starting the calibration, two options were activated in STICS. First, the LAIbrut-sen option, which allows the simulation of leaf growth and senescence separately, was activated instead of the LAInet option, which does not explicitly consider leaf growth and senescence in the daily LAI calculations. Second, the minimum plant density above which interplant competition starts (bdens) was decreased from 7 to 2 plants m -2 . The parameters controlling LAI dynamics were then calibrated in two steps. A selection of general plant parameters was first calibrated simultaneously for both cultivars by minimizing differences between the simulated and measured LAI. As a result of this optimization and for both cultivars, the maximum rate of leaf growth during LAI development (dlaimaxbrut) was increased, the effect on the logistic curve of LAI growth (pentlaimax) was decreased, the N stress function active on senescence (innsen) was set to 0.55, while the N stress function active on leaf expansion (innturgmin) was lowered to 0 (Table 4) . After this first LAI-based calibration step, the LAI was still overestimated for Shepody and underestimated for Russet Burbank. To correct this problem, a second calibration step was performed with cultivar-specific parameters for minimizing differences between the simulated and measured LAI. The results of this second calibration step showed that the LAI was highly sensitive to the parameter that controls the interplant competition (adens). A decrease of this parameter for Shepody increased interplant competition and thus decreased the simulated LAI, while increasing this parameter for Russet Burbank had the opposite effect and increased the simulated LAI. Other cultivar-specific parameters (stlevamf, stamflax, and durvieF) were also modified.
With the initial default parameters, the total biomass was well simulated for Shepody (NME = -5%) but largely overestimated for Russet Burbank (NME = -40%; Table 5 ). The tuber biomass was poorly simulated for both cultivars, with a very high NRMSE (>80%) and large overestimations (NME > -23%; Table 5 ). To lower biomass growth in the second half of the growing season, the maximum radiation use efficiency during tuber filling (efcroirepro) was decreased ( Table 4 ). The maximum radiation use efficiency during the juvenile phase (efcroijuv) was also decreased, while that of the vegetative phase (efcroiveg) was increased. To account for the short growing season in eastern Canada, the belong parameter was decreased to shorten the time between planting and emergence, which was too long with the initial default parameters. The GDD between emergence and tuber maturity was decreased for Shepody (stlevdrp and stdrpmat) and Russet Burbank (stlevdrp and dureefruit, a parameter specific to indeterminate crops comparable to stdrpmat). Calibration of these parameters improved the simulation of total and tuber biomass with a lower RMSE and ME. The number and weight of tubers, however, were still poorly simulated. According to Bélanger et al. (2002) , the maximum dry weight of a single tuber (pggrainmaxi) is about 50 g, while the minimum (nbgrmin) and maximum (nbgrmax) numbers of tubers per surface area range between 10 and 30 tubers m -2 , respectively. With the initial default parameters defined for the Bintje cultivar, the maximum dry weight of a simulated single tuber fell between 14 and 25 g, while the number of tubers per surface area ranged between 61 and 66 tubers m -2 . The maximum tuber dry weight was therefore increased to 50 g tuber -1 for both cultivars, while the minimum and maximum numbers of tubers per surface area were set to 10 and 30 tubers m -2 , respectively. A specific formalism for yield formation prevailed in the case of an indeterminate crop. Thus, additional parameters (nboite, allocfrmax, afpf, bfpf, stdrpnou, spfrmin, spfrmax, splaimin, dureefruit, afruitpot, and splaimax) were optimized for Russet Burbank (Table 4 ) to obtain a tuber number per surface area between 10 and 30 tubers m -2 and a maximum dry weight between 30 and 40 g tuber -1 .
Nitrogen uptake calibration was closely related to biomass growth simulations. The above-mentioned radiation use efficiency parameters (efcroijuv, efcroiveg, and efcroirepro) were also optimized for total N uptake measurements. To account for the changes in critical and maximum N concentration curves, the parameters Vmax2, inngrain1, and Table 5 . Model calibration statistics, including the average of measured values and standard deviations (SD), absolute (RMSE) and normalized (NRMSE) root mean square errors, absolute (ME) and normalized (NME) mean errors, model efficiency (EF), specific RMSE (RMSEs), and unspecific RMSE (RMSEu) with default STICS potato parameters (Bintje cultivar) and calibrated parameters for Shepody and Russet Burbank cultivars.
Variable † Measurement
With default parameters With calibrated parameters RMSE NRMSE ME NME EF RMSE NRMSE ME NME EF RMSEs RMSEu % % % % Shepody, Charlottetown 2012 LAI, m 2 leaf m -2 soil 1. inngrain2 were adjusted (Table 4) by minimizing the differences between simulated and measured total and tuber N uptake. The parameter vitirazo was adjusted to decrease the tuber N uptake, which was largely overestimated with the initial default parameter values (Table 5) . After calibration, all generic plant parameters were the same for both cultivars, except those related to critical and maximum N concentration curves (adil, bdil, adilmax, and bdilmax) ( Table 4) . This is in accordance with the genericity of the STICS soil-crop model in which cultivars of the same species should differ only by a small subset of parameters identified as cultivar parameters. Apart from the modified parameters mentioned above, the STICS default values were used. Examples of simulations of LAI, biomass, and N uptake after calibration are presented in Fig. 3 . The LAI simulations were good, with an NRMSE close to 20% for both cultivars ( Fig. 3a and 3d ; Table 5 ), which was a significant improvement compared with the NRMSE of around 27% obtained with the initial default parameters for the Bintje cultivar. Calibration significantly improved the total biomass simulations of Russet Burbank (NRMSE of 20% vs. 52% before calibration). The NRMSE for Shepody did not improve (22%), but the total biomass at harvest was noticeably overestimated with the default parameters compared to that with the calibrated parameters (9.6 vs. 7.2 t DM ha -1 ). Considering that the measured tuber biomass at harvest was approximately 5 t DM ha -1 , shoot biomass was estimated to be around 5 t DM ha -1 with the default parameters, which was largely overestimated (Fig. 3b and 3e) . Tuber biomass simulations were much better after calibration for both cultivars, with an NRMSE of 19% for Shepody and 9% for Russet Burbank. Simulation results for N uptake of both cultivars were contrasted, with a slight improvement in model performance for total N uptake and a large improvement in tuber N uptake (Table 5 ; Fig. 3c and 3f) . Following calibration, the RMSE normalized by the standard deviation was <0.5 for all tested variables, which is a very good value (Fig. 2a) according to Moriasi et al. (2007) . In most cases, the RMSEu was greater than the RMSEs, which indicates that data dispersion was the main source of model simulation error. Model efficiencies for all variables were also better after calibration, with values between 0.73 and 0.99 (Table 5) . Table 6 . Model evaluation statistics, including the number of simulation units (SU) and measurements, average of measured values and standard deviations (SD), absolute (RMSE) and normalized (NRMSE) root mean square errors, absolute (ME) and normalized (NME) mean errors, model efficiency (EF), linear regression coefficient of determination between simulated and measured values (R 2 ), specific RMSE (RMSEs) and unspecific RMSE (RMSEu) for both Shepody and Russet Burbank cultivars. 
model performance evaluation
The LAI simulations were good, with an NRMSE of 18% for Shepody and 29% for Russet Burbank (Table 6 ; Fig. 4a ). The bias was greater for Russet Burbank (NME = 23%) than for Shepody (NME = -8%). The underestimation of the LAI for Russet Burbank grew with increasing LAI and was greater for fertilization treatments >120 kg N ha -1 (data not shown). This underestimation, however, did not have a large impact on the total and tuber biomass simulations ( Fig. 4b and 4c ) because almost all solar radiation is intercepted for LAI >3 to 4 m 2 leaf m -2 soil. Our NRMSE values for the LAI simulations were in the same range as those reported for other crops with STICS. For instance, Jégo et al. (2010) reported NRMSE values for LAI simulations between 21 and 36% for spring wheat and soybean [Glycine max (L.) Merr.] in eastern Canada. With a simple model for simulating potato growth in Nova Scotia (Canada), Gordon et al. (1997) reported RMSE values varying from 0.19 to 0.46 m 2 leaf m -2 soil for LAI, values that are only slightly lower than those obtained in our study (Table 6) .
The model performed well for simulating total and tuber biomass with a low bias (absolute value of NME < 9%), satisfactory NRMSE falling between 26 and 30%, and high model efficiencies (EF > 0.86) for both cultivars (Table 6 ). Both the systematic error (RMSEs) and unsystematic error (RMSEu) divided by the standard deviation of the measurement were below 0.5, which indicates a very good overall model performance for those variables (Fig. 2b) . Because the RMSEu was greater than the RMSEs, the simulation error mainly came from scattering rather than from a systematic bias. These results were in the same range as those reported in other studies for potato. Van Delden et al. (2003) found an RMSE of 1.19 t DM ha -1 for tuber biomass simulations with the LINTUL-NPOTATO model in the Netherlands, which is close to the RMSE of the tuber biomass simulation in our study (0.9 t DM ha -1 for Shepody and 1.0 t DM ha -1 for Russet Burbank). Yuan and Bland (2005) obtained an RMSE of between 0.8 and 1.4 t DM ha -1 by comparing several growth models simulating the tuber biomass of Russet Burbank in Wisconsin.
Simulations of total and tuber N uptake were better for Shepody than for Russet Burbank (Table 6 ). For Shepody, the bias was small (absolute value of NME < 3%), the model efficiency was high for both tuber and total N uptake, and the NRMSE was good for total N uptake and satisfactory for tuber N uptake. For Russet Burbank, although the NME and model efficiency were acceptable, the NRMSE was high for both total (37%) and tuber N uptake (50%). However, considering that the standard deviations of the measurements were high, these simulation results for total and tuber N uptake can be considered good to very good for both cultivars according to the scale of model performance proposed by Coucheney et al. (2015; Fig. 2b) . Total N uptake was generally overestimated by the model for N fertilization rates below 125 kg N ha -1 and underestimated for rates above 125 kg N ha -1 . As for LAI and biomass, these simulation results compared well with other studies simulating potato growth and N uptake. With the LINTUL-NPOTATO model, Van Delden et al. (2003) reported RMSE values of 21.6 and 16.8 kg N ha -1 for total and tuber N uptake, respectively. Our RMSE values were less than those reported by Van Delden et al. (2003) for Shepody (18.2 and 7.2 kg N ha -1 for total and tuber N uptake, respectively) but greater for Russet Burbank (36.9 and 21.9 kg N ha -1 ). With the Daisy model, Heidmann et al. (2008) obtained good tuber N uptake simulations during the calibration step, with a NRMSE of 13% compared with 32% for Shepody and 14% for Russet Burbank in our study. Their model performance during validation, however, was relatively poor, with a NRMSE of 42% compared with 24% for Shepody and 50% for Russet Burbank in our study. Alva et al. (2010) obtained better results for total N uptake with the CROPSYSTVB-CSPOTATO model (NRMSE = 15%) than in our study (24% for Shepody and 37% for Russet Burbank). Coucheney et al. (2015) recently presented an overall performance evaluation of 10 output variables of the STICS model for 15 crops in Europe. Potato was not included in their study, but our simulations of tuber and total biomass and N uptake Table 7 . Comparison of model performance with cultivar-specific critical N concentration curves (N c ; Bélanger et al., 2001) or with the default critical N concentration curve (Duchenne et al., 1997) for both Shepody and Russet Burbank cultivars. Statistics include the number of simulation units (SU) and measurements, means of measured values and standard deviations (SD), absolute (RMSE) and normalized (NRMSE) root mean square errors, and absolute (ME) and normalized (NME) mean errors. were comparable to those reported for other crops. Our results also showed that the contribution of the systematic error (bias) is generally small compared with the global error as reported by Coucheney et al. (2015) , who observed that simulations of biomass and N uptake were generally better for the entire plant than for harvested organs. Their analysis also showed that model simulations were generally better for biomass than for N uptake. Our study partially agrees with the observations of Coucheney et al. (2015) , with a greater variation for N uptake than for total and tuber biomass (Fig. 2) .
Our simulations covered a wide range of pedoclimatic conditions typical of eastern Canada with three soil classes, and rainfall and GDD during the growing season ranging, respectively, from 538 to 755 mm and 1983 to 2517°C d. The calibrated model can therefore be used with confidence to simulate potato yield and N uptake for a range of N fertilization in eastern Canada and in other areas with similar pedoclimatic conditions. However, our results showed better model performance for tuber biomass than for the entire plant. A possible explanation of the lower model performance for total and tuber N uptake is the limited number of parameters specific to cultivars, where all of them are related to biomass development and growth. No parameter was available to characterize a particular cultivar for N uptake.
effect of critical nitrogen concentration curve
For both cultivars and all variables, the RMSE values were generally lower with the cultivar-specific N concentration dilution parameters (Table 7 ). The variables with the largest RMSE differences between using cultivar-specific parameters and default parameters were total N uptake (60%) and tuber N uptake for Shepody (57%) and Russet Burbank (26%). The NRMSE was generally lower with the cultivar-specific parameters proposed by Bélanger et al. (2001) (Table 7) . However, the critical N concentration curves did not affect model simulations for tuber biomass (Fig. 5a and 5b ). Differences in model simulations were much greater for total and tuber N uptake, with better N uptake simulations with cultivar-specific parameters than with default parameters. This improvement in total N uptake simulations with cultivar-specific parameters appeared to be more pronounced for high N uptake values ( Fig.  5c and 5d ). The residual (measured -simulated) tuber biomass and total N uptake for incremental plant biomass classes (0-2, 2-4, 4-6, and >6 t DM ha -1 ) was analyzed (Fig. 6) . For Shepody, differences in tuber biomass residuals between cultivar-specific and default parameters were small for total biomass <4 t DM ha -1 but greater for values >4 t DM ha -1 (Fig. 6a) . Residuals of total N uptake for Shepody were closer to 0 with the cultivar-specific parameters than with the default parameters, especially for biomass >4 t DM ha -1 (Fig. 6b) . As suggested by Fig. 5c , the improvement of model simulation with cultivar-specific N concentration curves was more pronounced for high biomass (>6 t DM ha -1 ). The same pattern was observed for Russet Burbank (Fig. 6b) , with almost no difference between tuber biomass residuals <4 t DM ha -1 and residuals slightly closer to 0 above this threshold. Model improvement with the cultivar-specific parameters was more pronounced for total N uptake of Russet Burbank than that of Shepody, especially for a total biomass >6 t DM ha -1 . (Bélanger et al., 2001 ) and the default curve defined in STICS for potato (Duchenne et al., 1997) . Dotted line represents the 1:1 relationship.
The effect of critical N concentration curve parameters on the simulations varied greatly among output variables (Fig. 7) . The simulated LAI and total DM yield were greatly affected for simulations with no N fertilization, with differences varying from 25 to 35%. For higher N rates (120-150 kg N ha -1 ), the effect of critical N concentration curves was much less and even almost null for overfertilization rates (200-280 kg N ha -1 ). Output variables concerning the N budget (total N uptake, tuber N uptake, soil NO 3 -N at harvest, and NO 3 leaching) were more affected than biomass, especially for treatments with N fertilization (120-150 and 200-280 kg N ha -1 ). In this case, total and tuber N uptake were greater with the cultivar-specific N curves than with the default N curve by approximately 20%. Considering that simulated total N uptake at harvest ranged between 70 and 250 kg N ha -1 , this difference of 20% can represent a large portion of the N balance. It also explained why soil mineral N at harvest and NO 3 leaching were also greatly affected by the critical N concentration curves (up to almost 90% for soil mineral N at harvest). The two output variables concerning water balance (evapotranspiration and drainage)
were not affected by the critical N concentration curves (variation <5%). The greater N uptake simulated with the cultivarspecific parameters proposed by Bélanger et al. (2001) than with the default parameters (Duchenne et al., 1997 ) is consistent with the lower dilution coefficient that generates greater critical N concentrations for high total biomass values.
Simulation results suggest that the use of cultivar-specific N curves is important for adequately simulating the N cycle of potato cropping systems. For studies focusing on biomass and yield, the robustness and genericity of the STICS soil-crop model was sufficient to allow the use of a non-cultivar-specific N concentration curve, at least for N fertilization rates close to or above the recommendations. Additional data sets including biomass, yield, and crop N uptake of various determinate and indeterminate cultivars would be necessary to verify whether or not two plant files should be calibrated, one for determinate and one for indeterminate cultivars. However, the experimental results of Giletto and Echeverría (2015) showed that dilution coefficients could be quite variable among indeterminate cultivars. Instead of defining two different plant files, another approach that could be envisaged in future research would be to move the N dilution parameters, along with some parameters related to N uptake, into the cultivar-specific parameters section of the plant file.
conclusions
This study was part of a project aimed at simulating potato growth and N uptake as well as the environmental impact of potato cropping systems in cold and humid climates with long periods of snow cover. The calibration and performance evaluation of the STICS soil-crop model for the Shepody and Russet Burbank potato cultivars grown in eastern Canada were successfully performed using data sets from a range of climatic conditions, soils, fertilization rates, and management practices. Several general and cultivar-specific parameters were adjusted to improve the simulation of the dynamics of LAI, total and tuber biomass, Fig. 7 . Relative difference for selected simulated output variables between using cultivar-specific and default critical N concentration dilution curves. A positive difference indicates a greater simulated value by using cultivar-specific critical N concentration curves than by using default critical N concentration dilution curves. Fig. 6 . Distribution of model residues (measured minus simulated values) of (a) tuber biomass and (b) total N uptake for validation with cultivar-specific (CS; Bélanger et al., 2001 ) and default (D; Duchenne et al.,1997) critical N concentration curves. Residues were grouped into total biomass classes: 0 to 2, 2 to 4, 4 to 6, and above 6 t dry matter (DM) ha -1 . and total and tuber N uptake. Following calibration, the STICS model satisfactorily simulated biomass, N uptake, and LAI. The model error was generally due to the dispersion of the data, confirming the adequate parameterization of the model. Using cultivar-specific critical N concentration curves rather than a generic curve improved the simulations of N uptake and other output variables of the N budget, such as soil NO 3 -N at harvest and NO 3 leaching, but it did not greatly affect the total biomass and tuber yield simulations when N fertilization was close to the recommended rate. The need for selecting specific cultivar parameters therefore depends on the purpose of the model use. Our results constitute the basis for a more in-depth evaluation of the model performance in simulating environmental output variables of potato cropping systems, including the comparison of measured and simulated output variables, such as soil water and mineral N contents, during both the growing and the nongrowing season in cold and humid climates.
